Catalysis by S-adenosylmethionine synthetase has been investigated by quantum mechanical/ molecular mechanical calculations, exploiting structures of the active crystalline enzyme. The transition state energy of +19.1 kcal/mol computed for a nucleophilic attack of the methionyl sulfur on carbon-5′ of the nucleotide was indistinguishable from the experimental (solution) value when the QM residues were an uncharged histidine that hydrogen bonds to the leaving oxygen-5′ and an aspartate that chelates a Mg 2+ ion, and was similar (+18.8 kcal/mol) when the QM region also included the active site arginine and lysines. The computed energy difference between reactant and product was also consistent with their equimolar abundance in co-crystals. The calculated geometrical changes support catalysis of a S N 2 reaction through hydrogen bonding of the liberated oxygen-5′ to the histidine, charge neutralization by the 2 Mg 2+ ions, and stabilization of the product sulfonium cation through a close, non-bonded, contact between the sulfur and the ribose 4′-oxygen.
Introduction
S-adenosylmethionine, AdoMet, and its metabolites play a vast number of roles in cellular life [1] . AdoMet is one of the few sulfonium ions found in nature, and the cationic center endows it with a chemical versatility matched by few other biological entities, enabling it to act as an alkylating agent and free radical precursor, as well as a regulatory agent [2] [3] [4] . Methyl transfer from AdoMet is perhaps its most widely recognized role, participating in intermediary metabolism and in the modification of nucleic acids and proteins. DNA methylation forms a basis for the burgeoning field of epigenetics [5] , while aberrant DNA methylation is common in cancers wherein errors are associated with alterations in DNA replication and transcription [6, 7] . In a different family of pathways, decarboxylation of AdoMet followed by transfer of the propylamine moiety leads to the polyamines spermine and spermidine which are utilized in the regulation of cell proliferation [8, 9] . In a distinct role, increasing numbers of AdoMet dependent enzymatic reactions are being recognized as having 5′-deoxyadenosyl free radicals as transient intermediates formed by homolytic C5′-S bond cleavage [4, 10] .
The only known biosynthetic route to S-adenosylmethionine is catalyzed by Sadenosylmethionine synthetase, (ATP:L-methionine S-adenosyltransferase, often abbreviated as MAT) [11, 12] . The two-step reaction catalyzed by MAT has a number of features that are unique in biology, as it encompasses displacement of the entire tripolyphosphate chain from ATP by the sulfur of methionine, followed by hydrolysis of the resultant tripolyphosphate (PPP i ) moiety to PP i and P i before product release; P i originates from the γ-phosphoryl group of ATP and incorporates an oxygen atom from a water molecule [12, 13] . Thus the enzyme has a bifunctional active site that catalyzes both AdoMet formation and PPP i hydrolysis, the latter step being required to remove a kinetic and thermodynamic trap that arises due to the high affinity of PPP i for the enzyme [12, 14] . MAT sequences from eucarya and bacteria are highly conserved, with typically greater than 80% sequence homology, and the polar active site residues are retained in all of the hundreds of known sequences [15] . MATs exist as dimers or tetramers in nature, and vary substantially in kinetic behavior (e.g. k cat and K m values, cooperativity) [11, 15] . MATs from archaea have distinct sequences that are highly conserved within that kingdom, and representatives of the archaeal class are found in a few bacteria [15, 16] .
The MAT from Escherichia coli (denoted cMAT) is the best characterized family member in terms of catalytic mechanism [13, 14, [17] [18] [19] [20] [21] [22] . The crystal structure of cMAT provided the first insight into the architecture of a MAT, and structures have been reported for the ligand free (apo) enzyme, as well as for several complexes [17, 23, 24] . cMAT is composed of 383 residue subunits and is typically found as a tetramer [13] . The four active sites are located in ~30 Å deep cavities between subunits and have contributions from residues from two subunits; cMAT does not show any cooperativity in kinetics [13] . Some mutants of cMAT are also active as dimers, supporting this state as the minimal functional unit (20) . Additional crystal structures have shown that rat liver MAT and the human non-hepatic MAT have the same topology as cMAT [25, 26] , with an rmsd for the main chain carbons of less than 1.3 Å between any two of the structures. AdoMet formation is postulated to occur in a single chemical step via a direct S N 2 attack of the methionine on C5′ of ATP, based on the observed inversion of stereochemical configuration at C5′ during the reaction [27] and the magnitudes of primary and secondary kinetic isotope effects [19] . The free energy profile for the steps in the conversion of enzymebound substrates to products shows that in the active site AdoMet formation is energetically favorable while the subsequent PPP i hydrolysis step has an equilibrium constant near unity [14, 22] . MATs utilize two divalent cations (M 2+ ) per subunit for both catalytic activities, and certain monovalent cations stimulate these reaction rates by nearly three orders of magnitude [13] ; in vivo, these cations are presumably Mg 2+ and K + . Crystallographic and spectroscopic data show that one of the divalent metal ions binds to all 3 phosphoryl groups while the second is ligated to the α and γ phosphoryl groups [18, 24] . The monovalent cation activator also binds at the active site and appears to organize the active site structure rather than directly partake in catalysis [24] . Coordination of two divalent metal ions to the α phosphoryl group is anticipated to facilitate C5′-O5′ bond cleavage by polarizing the C5-O5′ bond in the reactant and neutralizing the negative charge that develops during AdoMet formation; however there are no data to support this notion. Furthermore the roles of the protein itself in the catalysis of AdoMet formation remain elusive, and the results of side-direct mutagenesis studies are largely ambiguous [20] [21] [22] [28] [29] [30] .
Crystal structures of the cMAT have provided a foundation for understanding the means by which the surrounding protein facilitates the formation of AdoMet. Most notably are the structures of the catalytically active crystalline protein in complexes formed by incubation of the protein crystals with methionine, the alternate substrate adenylylimidodiphosphate (AMPPNP), and the activators Mg 2+ and K + [24] . Utilization of AMPPNP stops the reaction sequence after formation of AdoMet and PPNP, the non-hydrolyzable analog of the normal tripolyphosphate intermediate [13] . These crystals contained approximately equal abundances of the reactant complex, E•2Mg 2+ •AMPPNP•methionine•K + and the intermediate analog complex, E•2Mg 2+ •AdoMet•PPNP•K + [24] . These crystal structures provided the starting points for our computational studies which were directed toward understanding the various molecular interactions involved in catalysis.
Computer simulations of enzymatic reactions are capable of providing tests of postulated reaction mechanisms, as well as insight into the catalytic contributions of individual residues and cofactors at a resolution currently unattainable by experimental methods [31] [32] [33] [34] [35] [36] [37] . This is an important convergence for MAT; despite decades of effort, cMAT crystals have had limiting resolution of 2.5 Å [17, 23, 24] while the crystal structures of rat liver MAT (for which some mechanistic data are also available) have been reported at resolutions in the range of 2.5 -3.0 Å (cf. [15, 26] ). Recently the 1.2 Å resolution structure of the non-hepatic human MAT, for which there have been no mechanistic studies, has been deposited by a structural genomics project (pdb file 2P02) [25] . Comparison of the highest resolution structures of each of these three MATs reveals an rmsd for α carbons of < 1 Å, and < 1.4 Å for all atoms in conserved residues, indicating that the cMAT structure provides a sound framework for further mechanistic studies despite the modest resolution of the structural model. Furthermore the initial steps in computational investigations include addition of the appropriate hydrogens (which are nearly X-ray transparent) and geometry optimization, which can mitigate some experimental uncertainty in atomic positions.
The combined quantum mechanics (QM)/molecular mechanics (MM) methodology (QM/ MM) enables the rigor of QM methods to be applied to the reactive center while the remainder of the system is described by computationally more economical MM methods. The MM region exerts its influence via the combination of an anisotropic electrostatic environment and a framework within which the reaction site is constrained. The use of density functional theory (DFT) in the QM region allows some effects of electron correlation to be incorporated into the calculations while retaining sufficient computational efficiency to allow application to larger QM regions; the 229 atom QM region in our calculations of the Large_QM system is, to our knowledge, among the largest active site models that have been studied by DFT using these methods. The nearly identical crystal structures of the reactant and product complexes of cMAT show that large-scale protein conformational alterations need not be included in these calculations, reinforcing the suitability of a QM/MM approach utilizing a single protein conformation [24] . In the present study, QM/MM calculations of the MAT reaction in the architecture of the cMAT crystal structure have been used to investigate the molecular interactions that catalyze AdoMet formation and to evaluate whether an S N 2 reaction with the experimentally determined rate is consistent with the available crystal structures
Computational Methods
The protein structural model used as the starting point for the QM/MM calculations was derived from the experimental 2.5 Å resolution crystal structure reported in the pdb files 1P7L and 1RG9, which contain the reactants L-methionine and AMPPNP [24] or products AdoMet and PPNP. Extensive interactions between two subunits of the protein are evident in the crystal structures, consistent with a dimer (with the subunits denoted by A and B in the pdb file) being the minimal functional unit [20] . Thus a dimer was chosen as the protein framework for our studies.
The protein structure was prepared by removing all ligands, followed by addition of hydrogens as appropriate for ionization states at neutral pH, positioning the polar side chains in tautomers and rotamers to maximize hydrogen-bonding and ion-pairing interactions. Computational software from Schrodinger L.L.C. (New York, NY) was used throughout this study. The protein was then subjected to a restrained MM minimization using the OPLS-AA force field (2001) in the program IMPACT; during this minimization all heavy atoms were constrained by a modified harmonic potential with an energy penalty ΔE = C*(r−r 0 ) 2 for (r − r 0 ) > 0.3 Å (with C = 25 kcal/(mol-Å 2 )) and ΔE = 0 for (r − r 0 ) ≤ 0.3 Å so that there was no energy penalty for movement within 0.3 Å of the crystallographic positions, The tolerance of 0.3 Å was chosen based on an analysis of the experimental uncertainty in atomic coordinates according to Luzatti [38] . The final prepared structure included a total of 11921 atoms and had an rms deviation of 0.17Å for all heavy atoms relative to the un-minimized protein structure, with a maximal deviation of 0.33 Å. The system was not "solvated" by the addition of explicit surface water molecules because the active site is buried deep within the protein structure and the surface atoms were frozen throughout the calculations. There is little quantitative information available in the literature concerning the importance of explicit solvation of the protein surface in studies such as ours, however in a QM/MM study of cytochrome P450(cam) the addition of a solvent layer around the protein had minimal influence on the relative energies of the species along the calculated reaction path [39] . Upon completion of the MAT protein preparation, the ligands were returned to the MAT structure file at their original coordinates. Ligand structures were manually prepared by the addition of appropriate hydrogen atoms and bonds to the structures in the pdb file.
The region of the reactant complex to be treated by DFT (the "QM region") was chosen to include one active site, see Fig. 1A . This QM region (the "Small_QM region") contains one equivalent each of AMPPNP, methionine, K + , two Mg 2+ ions, as well as five water molecules that were reported in the pdb file [24] ; two of these water molecules interact with the adenine moiety and the other three are in the vicinity of the terminal γ-phosphoryl group of AMPPNP. Two amino acid side chains were included in the Small_QM region, i.e. histidine-14, which forms a hydrogen bond to O5′ in the scissile bond of AMPPNP, and aspartate-16, which is coordinated to the Mg 2+ ion denoted as MgA.
The water molecules needed to complete the presumed octahedral coordination sphere of the two Mg 2+ ions [35, [40] [41] [42] were not identified in the X-ray structure as a result of crystallographic disorder. However, EPR studies with Mn 2+ in place of Mg 2+ at the corresponding sites clearly demonstrated that Mn 2+ is octahedrally coordinated in all the analogous complexes [18] ; based on this experimental information for Mn 2+ , and the intrinsic coordination preferences of Mg 2+ , we assumed that both Mg 2+ were octahedrally coordinated throughout [40, 42] . This consideration required the addition of two explicit water molecules to the inner coordination shell of MgA and three explicit water molecules to the inner coordination shell of MgB (see Figs. 1A and 1B) . The crystal structure of MAT shows that the active site K + is coordinated by the carboxylates of glutamate-42 and aspartate-238, the carbonyl oxygen of cysteine-239, and is ~2.6 Å from the closest substrate atom, a non-bridging oxygen on the βphosphoryl group of the nucleotide; the K + ion is more than 6 Å from the C5′ of AMPPNP that is the center of the reaction [24] . In the absence of experimental data on the hydration of the active site K + ion, no waters were added to this ion. The net charge on the Small_QM region was zero.
The QM/MM program QSite (v. 4.0) from Schrödinger, L.L.C, (New York, NY, 2005) was used for simulations of a postulated reaction path [43] (see below). QSite uses a frozen bond approach to divide the QM and MM regions of the protein [43] ; the bonds between the C α and C β of histidine-14 and aspartate-16 were chosen as sites to partition the side chains into the QM region, leaving their main chain atoms to be treated by MM. In simulations using a larger QM region, denoted as the "Large_QM region", the side chains of the additional charged active site residues, arginine-244 and lysines-165, -245 and -265, were added to the QM region (Fig.  1B) ; this QM region had a net charge of +4. The B3LYP hybrid density functional was employed in all calculations [44, 45] . Geometry optimizations for the Small_QM region (133 atoms) used the LACVP+** basis set [46] , which includes polarization functions on all atoms and diffuse functions on the heavy atoms; optimizations for the Large_QM region (229 atoms) required use of the smaller LACVP* basis set due to computational limitations [46] ; in the Large_QM case, single-point calculations at the larger B3LYP/LACVP+** computational level using the B3LYP/LACVP* optimized geometry were subsequently performed to allow some comparison with the energy changes calculated for the Small_QM region. The LACVP basis set employs the Pople split-valence 6-31G basis set for all the atoms except potassium which is modeled by a Los Alamos pseudopotential [46] . All of the ligand atoms in a single active site of the dimer were incorporated into the QM region; the other active site of the dimer was included in the frozen MM region. An envelope comprised of the entirety of any residue with an atom lying within 10 Å of any atom in the QM region was treated as mobile, with energetics described by the OPLSAA (2001) MM force field [47] . Charged amino acids in proximity to the ligands were included in the MM region without any geometrical constraints; these were residues 165, 244, 245 in chain A, and residues 118, 265, 271 in chain B. Additional MM atoms in the 10 Å envelope were constrained to the positions obtained in the preoptimization procedure, r 0 , by a harmonic potential,with ΔE = 25*(r−r 0 ) 2 (see Methods) which we previously found to be satisfactory in other MM applications [48] ; these constrained residues were: Chain A residues 8-11, 163, 164, 166, 186-188, 227-243, 247, 248; and Chain B residues 40-42, 55, 98-102, 117, 119, 120, 259-264, 266-270 and 302. The positions of the remainder of the atoms were frozen.
For calculations using the Large_QM region, the sidechains of His-14 (Chain A), Asp-16 (Chain A), Lys-165 (Chain A), Lys-245 (Chain A), Arg-244 (Chain A) and Lys-265 (Chain B) were in the QM region; the residues in the mobile, unconstrained MM region were: the backbone atoms of residues in the QM region, and also residues 118 and 271 from Chain B. In the mobile MM region, but constrained by a restoring force of 25 (kcal/mol-Å 2 ), were: Chain A residues 8-11, 163, 164, 166, 186-188, 227-243, 247, 248; and Chain B residues 40-42, 55, 98-102, 117, 119, 120, 259-264, 266-270 and 302. The positions of the remainder of the atoms were frozen. The constrained MM region included 858 atoms for calculations using the Small_QM representation, and 803 atoms for calculations using the Large_QM representation and their total charges were +2 and −2, respectively. The convergence criteria were a maximal energy change of 0.1 kcal/mol and a gradient maximum of 0.2 kcal/mol-Å. Non-bonded electrostatic cutoffs were not employed to avoid difficulties arising from the movement of atoms across the cutoff distance during the optimization.
After addition of waters around the two Mg 2+ ions to complete their expected octahedral inner hydration shell [40, 42] and preparation of the protein as described above, the reactant geometry was optimized by QM/MM at the B3LYP/LACVP+** level without constraints in the QM region, see Fig. 1 . The rmsd for the non-hydrogen atoms was 0.38 Å between the optimized structure and the crystal structure (the maximum rmsd was 0.98 Å for a water oxygen atom) showing the lack of substantial geometrical changes upon this optimization. This structure formed the basis for further QM/MM calculations. Because computational limitations required a smaller basis set to be used in geometry optimizations of the Large_QM region, as a reference we examined the structure of the Small_QM region after optimization at both the B3LYP/ LACVP+** and B3LYP/LACVP* levels for the reactant, transition state and product. Comparisons of the effect of basis set on the calculated geometry of each of these three structures revealed only modest differences, with an rmsd of maximally 0.14 Å with a maximal deviation of 0.40 Å for a water atom.
Since AdoMet synthesis involves breaking the C5′-O5′ bond and forming the C5−-S bond, we choose ξ = (R(C5′-O5′) -R(C5′-S)) as the approximate reaction coordinate; practically, this was implemented by coordinate driving, i.e. incrementally decreasing the distance between the nucleophilic sulfur of methionine and the C5′ of ATP, with optimization of the remainder of the QM and mobile MM regions. A variety of tests showed that an initial step size of ~0.1 Å, with propagation of the wave function at each step, allowed a relatively smooth transformation of the geometry (as well as the total and MM energies) from reactant to product. Once the C5′-S distance reached the length of a typical C-S bond (1.8 Å), the geometry of the product was optimized without any constraints in either the QM or mobile MM regions. After an initial path from reactants to products was completed, additional intermediate points along the reaction coordinate were obtained from calculations in which the C-S distance was increased, starting at the product geometry.
Charges from Natural Population Analyses (NPA) and bond orders from Wiberg bond indices in the Natural Atomic Orbital (NAO) basis were calculated using the NBO module in Jaguar v. 7.0 and NBO v. 5.0 [49] . These single-point calculations were carried out at the geometries of the reactants, TS, and product in the Large_QM representation, using the highest level practical with our available computational resources, LACVP+*. In this analysis, the QM region was extracted from the surrounding protein by cutting the C α -C β bond for each amino acid and adding hydrogens on the C β at the positions previously held by the C α ; and the geometry of solely the new C-H bonds were then regularized with a MM minimization, with the remainder of the structure held fixed [50] . The energies of these resulting structures were calculated at the LACVP+* level; the difference between the energies in the presence and absence of the bulk protein reflects to some extent the influence of the overall protein environment on the reaction energetics.
Relative thermal corrections for the reactant, TS and product structures were estimated from frequency analyses calculated for truncated versions of the Small_QM region because of the large computational demands of frequency analyses. The QM region in these calculations included His-14 and Asp-16 (both truncated and hydrogen capped at C β as above), AMPPNP, methionine, the two Mg 2+ with the total of five waters in their first coordination spheres, and the K + ion; the LACVP* basis set was used for frequency analyses, the highest level practical with our computational resources. A similar method of truncation in order to allow the computationally intensive frequency analysis has been reported previously [50] .
Results

Choice of Starting Structure
The starting geometry for our series of calculations reported in this paper was taken from the crystal structure for the reactant complex containing AMPPNP and methionine (pdb file 1P7L) [24] . In the crystal structures the primary differences between the reactant and product complexes corresponded to movements of those atoms involved in the substitution at C5′; there were no substantial differences in the locations of the metal ions or of the active site amino acid residues in the reactant and product structures. Thus, the crystallographic data provided confidence that this enzymatic reaction was well suited to studies employing computational methods which model changes in bonding in the active site but do not take into account larger protein structural changes such as movement of the loop that gates access to the active site. Fig. 2 illustrates the reaction coordinate diagram for the conversion of methionine and AMPPNP to AdoMet and PPNP in the Small_QM representation. In these calculations all species are "enzyme-bound", i.e. the periphery of the overall catalytic reaction sequence that includes substrate binding and product release (i.e. enzyme turnover) was not considered. The calculated approximate activation energy of +19.1 kcal/mol, see Table 1 , is consistent with the experimental value of ~+19 kcal/mol (a rate of 0.06 s −1 at 298K) [13] . Estimates of thermal corrections to 298 K were obtained on a reduced QM region using the LACVP* basis set (see Computational Methods). These thermal corrections differed by less than 2 kcal/mol among the reactant, TS and product structures; given the approximations involved with these calculations, we chose not to include these thermal corrections in our further analyses.
Modeling of the Formation of AdoMet
The maximal energy in the reaction coordinate occurred when ξ was ~ −0.41 Å, reflecting a C5′-S distance of 2.40 Å and a C5′-O5′ distance of 1.99 Å; the S-C5′-O5′ and C5′-S-C methyl angles in this structure were ~160° and 105°, respectively. These calculated structural parameters are consistent with a classical S N 2 displacement of the leaving O5′ as the sulfur of methionine approaches. The calculated TS structure is comparable to that previously described based upon vibrational analysis of kinetic isotope effect data, from which it was deduced that the transition state occurred near a value of ξ = ~ −0.24 Å (C5′-S and C5′-O5′ distances of 1.96 Å and 1.72 Å, respectively), with a C5′-S-C methyl angle of 102° [19] . The QM/MM calculated TS has less bond formation than that deduced from the kinetic isotope experiments; the calculated Wiberg index (bond-order [51] ) for C5′ was calculated to be of 3.78 at the TS (B3LYP/LACVP+* level), which is slightly less than that estimated from the kinetic isotope experiments, 3.96 [19] . In light of the approximations in both the current study and in the analysis of the experimental kinetic isotope effects, these deduced structural parameters are in reasonable agreement. An analogous finding of a looser transition state in QM/MM calculations than that deduced from kinetic isotope effect data was noted in simulations of the transfer of a methyl group from AdoMet to a primary amine [52] . The energy of the product was calculated to be −1.8 kcal/mol relative to the reactant; product formation in the crystal is nearly thermoneutral [24] .
Structural Changes Across the Reaction Coordinate
Figs. 3A and 3B present a superposition of the calculated active site structures for the reactant, TS, and product in the Small_QM and Large_QM representations, respectively. The structural changes upon product formation are qualitatively the same in both models. In the Small_QM model the major motion calculated upon going from the reactant to the TS is the movement of C5′ by 0.48 Å toward the electron rich sulfur; the calculated total displacement of C5′ in the product is 0.94 Å, comparable to the displacement of 1.3 Å deduced from the crystal structure [24, 53] . The translation of C5′ is accompanied by the approach of the sulfur toward C5′, moving by 0.45 Å at the TS and by a total of 0.58 Å at the product; the displaced O5′ is calculated to move by 0.04 Å at the TS then by an additional 0.30 Å at the product. The reaction is accompanied by a change in the ribose ring pucker due to movements of both C3′ and O4′, each by ~0.19 Å between the reactant and the TS, with total movements of 0.44 Å and 0.48 Å between reactant and product, respectively; this calculated change in the ribose puckering is in accord with that seen in the crystal structure and also deduced from NMR measurements [24, 53] . Thus the reaction path largely reflects the motion of the ribose methylene group and to a lesser extent a movement of the thioether of methionine.
To examine changes in interactions along the reaction path, we monitored the Mulliken charges on selected atoms at the B3LYP/LACVP+** level [54] ; additional charges were obtained from Natural Population Analyses (NPA) for the reactants, TS, and products in the Large_QM region (see the Computational Methods section and below). As anticipated, product formation is accompanied by accumulation of negative charge on the oxygen atom that is liberated upon C5′-O5′ bond cleavage, whereas the calculated positive charge increases on the nucleophilic sulfur atom (see Fig. 4A ). The charge on the leaving oxygen is calculated to become ~0.3e more negative, with the rest of the charge formally on the oxygen being distributed among the Mg 2+ ions and their ligands. The calculations predict few other structural changes in the active site as the reaction proceeds, consistent with crystallographic results (illustrated in Figs. 3A and 3B); it is important to recall that none of the displayed atoms were constrained during the QM/MM optimizations.
The crystal structures show that the α phosphoryl group, which is the leaving moiety in the reaction, is encompassed by a number of hydrogen bond donors as well as the two Mg 2+ ions [24] . In comparing the calculated reactant and product structures, the hydrogen bond distance from O5′ to the H ε2 of His-14 (O5′•••H-N ε (His-14) ) is 0.23 Å smaller in the product (see Fig.  4B ), suggesting an increase in the strength of this bond as the reaction proceeds; the majority of this movement is due to changes in the AMPPNP (PPNP) positions, with the histidine side chain remaining virtually stationary in relation to its position in the reactant (see Fig. 3 The length of the hydrogen bond from a H ζ of Lys-165 to O5′ is calculated to decrease by ~0.25 Å as the reaction proceeds (see Fig. 4B ). It is noteworthy that the calculated length of the hydrogen bond from the cationic Lys-165 to O5′ is consistently ca. 0.22 Å shorter than the hydrogen bond from the formally uncharged His-14 to the same oxygen. The hydrogen bonds from the H ζ of Lys-245 to the non-bridging O α are calculated to decrease in length by ~0.18 Å and ~0.24 Å as the reaction proceeds (Fig. 4C) . The H•••O distance for the O α that is coordinated to MgA is ca. 0.18 -0.21 Å shorter than the H•••O distance for the O α that is coordinated to MgB which has two fewer anionic ligands; the respective N-H•••O bond angles are 133° and 136° in the reactants and both increase by ca. 5° in the products, the geometries suggesting consistently sub-optimal hydrogen bonding interactions. The length of the hydrogen bond between H ζ of Lys-265 and the sole terminal phosphoryl group oxygen (O γ ) that is not coordinated to a Mg 2+ ranges from ~2.4 Å in the reactants to ~2.3 Å in the products, ~0.55 tõ 0.70 Å longer than that involving Lys-165 and O5′ at the other end of the polyphosphate chain. Fig. 4D shows that the O5′-P α (denoted O α -P α in the product) distance decreases by 0.11 Å across the reaction coordinate, while the calculated P α -O αβ distance (O αβ is the bridging oxygen in the P α -O αβ -P β moiety) increases. The P α -O αβ separation is linearly related to the C5′-O5′ distance, with an increase of 0.05 Å in P α -O αβ bond length for each Ångstrom increase in C5′-O5′ distance (not shown). The lengths of the bonds from P α to its two non-bridging O α are also computed to increase upon product formation (by a total of 0.02 Å and 0.01 Å for the oxygens coordinated to MgA and MgB, respectively). These distance changes suggest that as additional negative charge accrues on the α-phosphoryl group upon C5′-O5′ bond breaking, the hydrogen bonding interactions between the α-phosphoryl group oxygens and cationic active site amino acids strengthen which would stabilize the TS, and subsequently the reaction product.
Figs. 3A and 3B illustrate that the positions of each Mg 2+ minimally alter upon product formation, and throughout the reaction the Mg 2+ are calculated to retain their octahedral coordination geometries. Although the Mg 2+ ions each moved slightly closer to O5′ as the reaction proceeded across the LACVP+** calculated reaction coordinate (by 0.05 Å for MgA and 0.l0 Å for MgB), neither approached O5′ closer than 4.39 Å, thus neither directly bound to the leaving O5′ atom. The total displacements of MgA and MgB were 0.09 Å and 0.17 Å between reactant and product, leading to a decrease in the MgA---MgB distance of ~0.03 Å in the product, and a ~0.03 Å increase in both of the Mg 2+ ---K + distances. Fig. 4E illustrates the variation across the reaction coordinate of the distance between each Mg 2+ ion and the oxygen of the α-phosphoryl group to which it is coordinated. The bond distance decreased in both cases, by 0.06 Å for MgA and by 0.11 Å for MgB; Mulliken charges on the Mg 2+ ions also decreased as the reaction proceeded. The Mulliken charge changes by −0.06e for MgA which is coordinated to all three phosphoryl groups and Asp-16, and by −0.08e for MgB for which the anionic ligands are the α and γ phosphoryl groups. These calculated charge alterations substantiate the anticipated roles of the Mg 2+ as sinks for the negative charge that must develop as the C5′-O5′ bond breaks, consistent with charge dissipation as a factor in catalysis [18] , The position of the K + ion is calculated to change by 0.40 Å between reactant and product, moving 0.26 Å away from O δ2 of Asp-238 in the product (to a distance of 3.30 Å), while remaining at least 2.59 Å from the β-phosphoryl group oxygens. The alteration in the position of the monovalent cation, appearing as a blurring of its sphere in Fig. 3 , did not appear to have any direct functional significance. Fig. 4F presents the variation in the separation of the nucleophilic sulfur and the O4′ of the ribose ring across the reaction coordinate. When the reaction coordinate has a value less thañ −1.2 Å, the S---O4′ distance becomes less than the sum of their van der Waals radii (~3.3 Å [55]), and the separation remains near to, or less than, 3.34 Å for the remainder of the reaction coordinate. A stabilizing close, non-bonded interaction between sulfur atoms and ribose oxygens has been reported previously in studies of various compounds, including nucleosides and AdoMet [48, 55, 56] . MAT appears to utilize this interaction to stabilize the TS and subsequently the product, at the active site.
Alterations in the Quantum Mechanical Region
In order to assess the sensitivity of this model mechanism to our computational methodology, we performed additional calculations with alterations in the composition of the QM region, paying particular attention to the influence of His-14 and the charge in the region.
Expansion of the QM Region
We examined the effect of expanding the QM region to include additional cationic residues at the active site, an arginine and 3 lysines, on the computed reaction energies. The crystal structure showed that these residues all interact with the polyphosphate chain (see Fig. 1B ). The structures of the reactant, product and the approximate TS were optimized for this Large_QM region at the B3LYP/LACVP* level, without constraints in the QM region for both the reactant and the product, but with the C5′-S distance fixed at 2.40 Å for the approximate TS (see above). The computed C5′-O5′ distance for this TS remained 1.99 Å, as was present in the starting Small_QM region (B3LYP/LACVP+** level) geometry. The rmsd between the constituents of the Small_QM region and the same atoms in the optimized Large_QM region was 0.14 Å, with a maximal deviation of 0.40 Å. Single-point energy calculations at the B3LYP/LACVP+** level, using the B3LYP/LACVP* optimized geometries, reported that the energy of the reactant was +1.0 kcal/mol higher than the product (+3.0 kcal/mol at the LACVP* level), while the energy of the approximate TS was +18.8 kcal/mol above the reactant energy (+18.0 kcal/mol at the LACVP* level).
In the Large_QM active site representation, the changes in hydrogen bond lengths among reactants, TS, and products qualitatively echo those observed for the Small_QM region. For example, comparing the optimized structures of the reactant and product reveals that the length of the hydrogen bond from His-14 to O5′ is calculated to decrease by 0.12 Å (to 1.93 Å in the product) in the Large_QM representation, compared to a ~0.23 Å decrease (to 1.81 Å in the product) in the Small_QM description. The H•••O5′ distance in the hydrogen bond from the ammonium group of Lys-165 to O5′ was calculated to decrease by 0.29 Å in the Large_QM model, to 1.61 Å, as product formation ensued, similar to the computed decrease from ~1.86 Å to ~1.61 Å in the Small_QM representation. There were minimal changes elsewhere in the vicinity of the active site (see Figs. 3A and 3B) . Apparently the contributions of these 4 cationic residues are reasonably well represented by the mobile MM description of the Small_QM system, with the result that their addition to the QM region did not substantially alter the calculated energy changes, although it greatly increased the computational cost. These results are consistent with QM/MM studies on other enzymes which have reported that relative energies among reactant, TS, and products are not dramatically sensitive to the geometries optimized at modestly different computational levels [35] .
Contraction of the QM Region
The effect of contracting the QM region was examined using single-point calculations at the B3LYP/LACVP+** computational level, in order to further assess the effects of altering the net charge on the QM region on the calculated reaction energetics. The reduction was accomplished by moving the side chains of His-14 and Asp-16 from the Small_QM region to the MM region, both individually and together, and of placing only the side chains of His-14 and Lys-165 in the QM region. This allowed the sensitivity of the calculated reaction energetics to the charge of the QM region to be assessed as the charge varied from 0 to +2. Table 1 shows that the calculated relative energies varied by only ~2.2 kcal/mol for the TS and by ~4.8 kcal/ mol for the product compared to the reactant. The variations are remarkably small given the complexity of this system.
The role of the protein may be most simply seen by comparison of the calculated reaction energetics when the ligands alone are in the QM region and the protein is either all in the MM region or is absent entirely ( Table 1 ). The presence of the protein solely in the MM region provided a calculated TS energy (relative to the reactant) of +21.0 kcal/mol, and the relative energy of the product was +1.0 kcal/mol both at the LACVP+** level. This beneficial effect on the calculated reaction energetics of including the protein solely in the MM region shows the significant influence of interactions that are reasonably well represented by MM.
Completely removing the protein while maintaining the relative positions of the reactants, TS and products resulted in substantial increases in the calculated energies to +37.0 kcal/mol for the TS and +33.2 kcal/mol for the product, both relative to the reactant at the LACVP+** level. The results show that much of the catalytic influence of the protein stems from contributions in addition to its organization of the active site since the relative positions of the atoms were maintained in these calculations.
Mutation of the Active Site Histidine
Site directed mutagenesis studies have shown that the side chain having the largest influence on the rate of AdoMet formation is that of His-14; mutation of this evolutionarily conserved residue to Asn-14 reduced the maximal rate of AdoMet formation by 10 4 -fold, while changing substrate K M values by less than 2-fold and decreasing the maximal rate of the subsequent PPP i hydrolysis step by ca. 30-fold [21] . We examined the effect of an in silico H14N mutation by altering the His-14 side chain in the geometry optimized Large_QM region, while maintaining the same rotamer. The position of the resultant Asn-14 is such that it cannot form hydrogen bonds to the substrates as is illustrated in Fig. 5 . This same mutation protocol was carried out on the reactant, TS and product using the structures from the geometry optimized Large_QM region.
The structures of the Large_QM region of the H14N mutant were geometry optimized at the B3LYP/LACVP* level for the reactant, approximate TS and product. There were only small changes in the structure of the QM region compared to the wild type enzyme, with rms deviations of 0.02 Å, 0.08 Å and 0.11 Å for reactant, TS (C5′-S distance fixed at 2.40 Å, ξ was computed to be −0.41 Å) and product, respectively (the rmsd was calculated considering all non-hydrogen atoms in the QM region with the exception of the side chain of residue 14). The largest individual displacement between the mutant and wild type enzymes was 0.50 Å for C5′ in the TS structure; the maximal change in position of Asn-14 atoms among the three structures was 0.33 Å for N δ . Single-point energies were then calculated at the B3LYP/LACVP+** level for a more consistent comparison with the wild type enzyme ( Table 1 ). The calculated energies of the TS and product were +23.2 and +12.1 kcal/mol above the reactants; this corresponds to an approximately 5 kcal/mol increase in the TS energy over that for the same model of the wild type enzyme, and a ~13 kcal/mol increase in the energy for product formation, changing the reaction from modestly exothermic (as experimentally observed for the native enzyme) to substantially endothermic. The 10 4 -fold reduction in catalytic rate experimentally observed for the H14N variant corresponds to a ~6 kcal/mol increase in activation energy [21] . While there are no experimental data available for the change in the equilibrium constant upon mutation, the computational results support a substantial contribution of the histidine to the enzyme's prowess even though it is uncharged.
Discussion
The results of this study substantiate that the active-site structure found in crystallographic studies of E. coli MAT is well-suited to catalyze its biological function of Sadenosylmethionine formation. The calculations reported herein mimic a single turnover of AdoMet formation, which was the experimental technique employed in the measurements to which the calculations are compared. Multiple enzyme turnovers require either the hydrolysis of the tripolyphosphate (or its analog) formed in conjunction with AdoMet, or the ~10 4 -fold slower dissociation of these reaction intermediates. In either case, multiple turnovers require protein conformational alterations including movement of the loop that gates access to the active site, events that are not required for a single turnover, which made the AdoMet formation step well suited to QM/MM studies. The energetic differences between the reactant and product structures, as well as between the reactant and the approximate TS, were calculated using a QM/MM methodology (B3LYP/(OPLS-AA (2001)) with the active site amino acids in ionized states with the exception of the neutral His-14. The computed TS energy was +18.8 kcal/mol above the reactant (at the B3LYP/LACVP+** level), and the relative energy of the product was +1.0 kcal/mol at the same level. The calculated values are in reassuringly good agreement with the experimental values of ~+19 kcal/mol and ~0 kcal/mol, respectively [13, 24] . Thus the calculations support the ability of the highly polar active site to provide a suitable steric and electronic framework for catalysis of AdoMet formation. It is remarkable that experimental studies show that the residue most intimately involved in the reaction is a neutral histidine, in the N ε protonated tautomer, which crystallographic data show forms a hydrogen bond to the O5′ atom that is displaced from the nucleotide [24] . The experimental result that showed ã 10 4 fold reduction in catalytic activity when the evolutionarily conserved His-14 is replaced in vitro by asparagine revealed its critical role in catalysis [21] . Our calculations illustrate the approach of H ε of His-14 to O5′ as the reaction proceeds suggesting a strengthening in the hydrogen bond. An analogous electrophilic role for a neutral histidine has been demonstrated for triose phosphate isomerase (TIM) [57] . The catalytic histidine-95 of TIM forms a strong hydrogen bond with the enediol reaction intermediate; the histidine's pKa was shown to be reduced by at least 2 units by the electrostatic effect of its location at the N-terminus of an α-helix [58] . This reduced pKa was deduced to provide an improved match with the pKa of the enediol reaction intermediate, thus optimizing hydrogen bond strength and enabling transient formation of an imidazolate anion upon proton transfer [58] . In MAT, His-14 is also located at the N-terminus of an α-helix, and an abnormally low pK would be consistent with the invariance of k cat over the examined pH range of 6 to 9 [13] . The calculated decrease in the length of the hydrogen bond from His-14 to the leaving O5′ as the reaction proceeds implies that the proton interacts more strongly with the TS and product than with the reactant, consistent with the increasingly negative charge on the oxygen (Fig. 4A) . The appropriate pKa of a dimagnesium complex of imido-tripolyphosphate (or a related polyphosphate) could not be identified in the literature, but might be expected to be well below that available to an imidazole, suggesting that a match of pKa values to optimize hydrogen bond strength has not been attained. Nevertheless, the use of a neutral imidazole as an electrophile obviates the need for the ligandfree protein to maintain an amino acid in an unusual protonation state, such as a protonated carboxylic acid, in preparation for catalysis.
The interaction of O4′ of the ribose and the nucleophilic sulfur appears to reflect an example of substrate assisted catalysis. Fig. 4A illustrates that the sulfur atom gains positive charge as the reaction proceeds, and Fig. 4F shows that the distance from the sulfur to O4′ concomitantly decreases, becoming less than the sum of the van der Waals radii of sulfur and oxygen (~3.3 Å) at ξ ~ −1.0 Å. The minimum S-O4′ separation occurs approximately at the TS, then the distance increases but remains near to, or below, the sum of the S-O4′ van der Waals radii for the remainder of the reaction. The precise energetic magnitude of this close, non-bonded interaction is unclear in the context of the active site, but the interaction would be anticipated to provide a stabilizing influence for both the TS and product [48, 55, 56] . The computational results rationalize our previously puzzling finding that replacing Oxygen-4′ by a CH 2 group (yielding 4′-deoxy-ATP, aristeromycin-TP) resulted in a compete loss in substrate activity (< 0.1 % of ATP). 4′-dATP has good affinity for the enzyme, being a competitive inhibitor with respect to ATP with a K i of 8 μM, 13-fold less than the K m for ATP (unpublished results).
The present studies also address the significance of the active site structure reported in the 2.9 Å resolution crystal structure of the rat hepatic MAT (rlMAT) [25, 26] . The rlMAT active site contained ATP, methionine, 3 Mg 2+ ions, K + and 2 PO 4 moieties [25, 26] . The overall cMAT and rlMAT structures are nearly identical, sharing the same topology with an rmsd of 1.3 Å for Cα. While the triphosphate chain of the nucleotide is located in a comparable position in the two protein structures, the methionine substrate in rlMAT is stacked upon phenylalanine-251, whereas the adenine group stacks upon the analogous F230 in cMAT. Furthermore in rlMAT the adenosine moiety is effectively positioned at the opposite end of the triphosphate chain from its location in cMAT, as discussed in a recent review [25, 26] . The mechanistic significance of the rlMAT structure is further diminished because of the bound PO 4 which is an inhibitory product of the reaction. His-30 of rlMAT, the analog of His-14 in cMAT, is in proximity to the Pγ of ATP, and not in position to facilitate AdoMet formation. Thus the current interpretation is that the rlMAT structure may reflect a complex on the route to product release rather than the enzymatically active species [25, 26] Various experimental and computational studies have now combined to show that the catalytic devices employed by MAT are a combination of binding the reactants in proper orientations to facilitate the reaction (perhaps conforming to a near-attack-conformation model [31, 59, 60] and the pre-positioning of the polar active site functional groups that form hydrogen bonds to the ligands [61] . Comparison of the crystal structures of the active site of the fully liganded enzyme (pdb codes 1P7L and 1RG9) and the crystal structure of the ligand-free enzyme (pdb code 1FUG) shows that the active site residues are largely in place in the apo enzyme, with the exception of the mobile loop which forms the active site lid and is not directly involved in catalysis [17, 23, 24] . The Mg 2+ ions used in catalysis of AdoMet formation help dissipate the negative charge that would otherwise accumulate on the departing oxygen atom. The Mg 2+ ions can also play a role in establishing the unusual bent conformation of the polyphosphate chain of AMPPNP (and PPNP) at the active site [24] . The binding of one Mg 2+ to both ends of the polyphosphate chain (forming an 8-membered ring), and the other Mg 2+ to all three phosphoryl groups, forming two six-membered ring systems, appears to be a unique coordination scheme among known enzymes, consistent with its exceptional task of catalyzing reactions at both ends of the polyphosphate chain. Other proteins are known to employ two Mg 2+ coordinated to the polyphosphate chain of ATP to catalyze transfer of the γ-phosphoryl group; these include protein kinase A and pyruvate kinase [62, 63] . In protein kinase A, both Mg 2+ are coordinated to the γphosphoryl group; in addition one is coordinated to an α phosphoryl group oxygen whereas the other binds to a β phosphoryl oxygen atom and approaches the β,γ bridge oxygen [62] . In pyruvate kinase, both Mg 2+ are coordinated to the γ phosphoryl group of ATP; one is also coordinated to the α and β phosphoryl groups while the second does not have additional interactions with the polyphosphate chain [63] . The active site of the Mn 2+ dependent enzyme phospho(enol)pyruvate carboxykinase contains both Mn 2+ and Mg 2+ ; a Mg 2+ ion is coordinated to the β,γ phosphoryl groups while a Mn 2+ binds to an oxygen of γ phosphoryl group [64] .
The only other enzyme that is known to catalyze a reaction at the C5′ position of ATP is the Coenzyme B12 adenosyltransferase, in which the nucleophile is a Co(I) embedded in a corrin framework [65] . The crystal structures of representatives of two distinct classes of this enzyme, i.e. from Salmonella typhimurium and from Lactobacillus reuteri, have been reported [66, 67] . In both cases a single Mg 2+ ion is bound to ATP in the active site; in the S. typhimurium enzyme it is coordinated to the α and β phosphoryl groups [66] , whereas in the L. reuteri enzyme all three phosphoryl groups are ligands to the Mg 2+ [67] ; in the latter case an arginine residue also interacts with the O5′ from the leaving adenosyl group, whereas no comparable interacting cationic protein groups were noted in the former structure. Thus the detailed mechanisms of corrin adenosylation are likely to be significantly different from MAT.
The reverse of the physiological MAT catalyzed reaction is alkylation of the di-Mg 2+ complex of tripolyphosphate, which invites comparison to other alkylation reactions utilizing AdoMet. Studies of methyl transfer from AdoMet to different acceptors, have led to the general conclusion that the reactions proceed by S N 2 mechanism [52, [68] [69] [70] [71] [72] , although for lysine-N ε methylation a partially dissociative transition state with reduced bond order for the methyl carbon has been implicated by QM/MM studies [52] . The associative transition state of the MAT reaction is apparently similar in general terms to other alkylations. Our ongoing QM/ MM studies are directed toward providing further understanding of the roles of the protein and metal ions in the two catalytic events at MAT's active site.
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